Mutations in the human gene ALMS1 cause Alström syndrome, a disorder characterised by neurosensory degeneration, metabolic defects and cardiomyopathy. ALMS1 encodes a centrosomal protein implicated in the assembly and maintenance of primary cilia. Expression of ALMS1 varies between tissues and recent data suggest that its transcription is modulated during adipogenesis and growth arrest. However the ALMS1 promoter has not been defined. This study focused on identifying and characterising the ALMS1 proximal promoter, initially by using 5' RACE to map transcription start sites. Luciferase reporter assay and EMSA data strongly suggest that ALMS1 transcription is regulated by the ubiquitous factor Sp1. In addition, reporter assay, EMSA, chromatin immunoprecipitation and RNA interference data indicate that ALMS1 transcription is regulated by regulatory factor X (RFX) proteins. These transcription factors are cell-type restricted in their expression profile and known to regulate genes of the ciliogenic pathway. We show binding of RFX proteins to an evolutionarily conserved X-box in the ALMS1 proximal promoter and present evidence that these proteins are responsible for ALMS1 transcription during growth arrest induced by low serum conditions. In summary, this work provides the first data on transcription factors regulating general and context-specific transcription of the disease-associated gene ALMS1.
a b s t r a c t a r t i c l e i n f o
Introduction
Alström syndrome is a rare genetic disorder characterised by retinal dystrophy, childhood obesity, type 2 diabetes and sensorineural hearing loss, with other common features including dilated cardiomyopathy and hepatic and renal failure (Alstrom et al., 1959; Marshall et al., 2005) . Alström syndrome is caused by mutations in a novel gene, ALMS1 (Collin et al., 2002; Hearn et al., 2002) , which encodes a centrosomal protein (Andersen et al., 2003; Hearn et al., 2005) . Recent data indicate that ALMS1 is required for the proper formation and/or maintenance of primary cilia (Graser et al., 2007; Li et al., 2007) , sensory cell-surface organelles whose dysfunction is implicated in the pathogenesis of a number of human genetic disorders (Ansley et al., 2003; Badano et al., 2006) . Although ALMS1 is widely expressed Hearn et al., 2005) , northern blot analysis shows evidence of variation in expression level between tissues, with particularly high detection in testis (Collin et al., 2002; Hearn et al., 2002) . Spatially restricted expression has been reported in mouse olfactory epithelium (Genter et al., 2003) and recent studies using cellular models indicate that ALMS1 mRNA levels are upregulated in response to serum starvation (Yabuta et al., 2006) and downregulated during adipogenesis (Romano et al., 2008) . Alterations in transcription are likely to contribute to these changes in mRNA abundance, however the promoter of ALMS1 has not been characterised and therefore the mechanisms controlling ALMS1 transcription are unknown.
We previously defined the exon/intron structure of ALMS1 by RT-PCR using primers in predicted exons, and RACE (Hearn et al., 2002) . This approach indicated a larger gene than previously predicted, with 23 exons and a 12.9-kb mRNA, and broadly placed the putative start of transcription within a CpG island. Here, we have discovered and precisely mapped variable transcriptional start sites (TSSs) for ALMS1. We have defined a minimal promoter region and present evidence that Sp1 and RFX proteins regulate ALMS1 transcription under generalised and specific conditions respectively.
Materials and methods

Rapid amplification of cDNA ends (RACE)
PCRs were performed on Firstchoice Race-Ready cDNA (Ambion) derived from adult human pancreas, liver and testes. We used 5' RACE Outer and Inner forward primers corresponding to the 5' RACE adapter sequence (Ambion), in combination with an ALMS1-specific reverse primer spanning the exon 4/5 junction (5'-aggaattcccctcagaggtgcaaaacttag-3') and a nested reverse primer in exon 4 (5'-caaattcttggtcttgtgtcaaac-3') respectively. Nested PCR products were gel extracted and cloned using a BamHI site in the 5' RACE Inner primer and a BglII site in exon 3 of ALMS1. Ten to thirteen clones were sequenced for each tissue.
DNA sequence alignment
Genomic sequences upstream of ALMS1 orthologues were aligned with human genomic sequence using ClustalW within Lasergene software (DNASTAR, Inc.), with default parameters.
ALMS1 promoter constructs
Base pairs −412 to + 36 (relative to the liver transcription start site defined here by RACE) were amplified by PCR from genomic DNA using restriction site-tagged primers and cloned in pGL3-Basic (Promega) using KpnI and BglII. Deletion constructs were cloned by PCR using this construct as template. Point mutations (Fig. 3A) were introduced into construct −232/+36 using a PCR based method. All constructs were verified by sequencing.
Cell culture, transfection and reporter assays
Cells were maintained in Dulbecco's modified Eagle medium supplemented with 10% fetal calf serum (FCS) and antibiotics at 37°C and 5% CO 2 (reagents from PAA Laboratories). PANC-l and HepG2 cells were seeded in 12-well culture plates (1× 10 5 cells/well) and transiently transfected using TransFast reagent (Promega). Transfections were performed in triplicate. One hour post-transfection, 1 ml DMEM 10% FCS was added and cells incubated for 4 h. Growth medium was then replaced with medium containing either 10% or 0.5% FCS. Cells were lysed 48 h later in 1× Passive Lysis Buffer (Promega) and luciferase expression quantified using the Luciferase Reporter Assay System (Promega) with a TD-20/20 luminometer (Turner Biosystems). Each experiment was performed at least three times, in triplicate. Significant reductions in luciferase activity were verified by using at least two independent preparations of the relevant plasmids.
Immunofluorescence microscopy
PANC-1 cells were seeded in chamber slides (VWR International) and incubated in medium containing 10% or 0.5% FCS for 72 h. To allow clear visualization of primary cilia, prior to fixation cells were incubated on ice for 50 min to depolymerise cytoplasmic microtubules. Cells were fixed in chilled methanol for 5 min. Immunofluorescence microscopy was performed as described (Hearn et al., 2005) , using mouse anti-acetylated tubulin antibody (1:2000; SigmaAldrich). Cells were mounted in Vectashield containing DAPI (Vector Laboratories).
In vitro transcription/translation
pCDNA3-Flag-RFX1 was kindly provided by Zijie Sun, Stanford University (Iwama et al., 1999) . In vitro transcription/translation was performed using the T7 TNT Quick Coupled Translation System (Promega). Protein expression was verified by SDS-PAGE and immunoblotting as described (Hearn et al., 2005) , using goat anti-RFX1 (Santa Cruz Biotechnology) and peroxidase-conjugated anti-goat (SigmaAldrich) antibodies.
Electrophoretic mobility shift assay (EMSA)
Nuclear extracts were prepared as described (Schreiber et al., 1989) . Synthetic oligonucleotides (Qiagen) were annealed and endlabelled with [γ-32P]dCTP. Point mutations designed to disrupt transcription factor binding sites are shown in Fig. 3A . Nuclear extract (4 μg) was incubated in reaction mixture (10 mM Tris-HCl pH 7.5, 1 mM MgCl 2 , 50 mM NaCl, 0.5 mM EDTA, 0.5 mM DTT, 4% glycerol, and 0.05 mg/ml poly dI-dC) for 15 min at room temperature. For supershift assays, nuclear extracts were pre-incubated on ice for 1 h with 2 µg anti-RFX1 or anti-RFX2 antibody (Santa Cruz Biotechnology). Following addition of radiolabelled probe, reaction mixtures were incubated at 37°C for 30 min. The resulting protein/DNA complexes were resolved by electrophoresis on non-denaturing 4% polyacrylamide gels in 0.5× TBE buffer. Gels were then dried and exposed to X-ray film.
Chromatin immunoprecipitation (ChIP)
PANC-1 cells were incubated in DMEM containing 0.5% FCS for 48 h. ChIP was performed with goat anti-RFX1, anti-RFX2, IgG (Santa Cruz Biotechnology) or no antibody. The method was essentially as described (Sanchez-Elsner et al., 2004) , except that Protein G-agarose beads (GE Healthcare) were used, and Protein G agarose/antibody/protein complexes were washed as follows: four washes with lysis buffer (25 mM Tris-HCl pH 7.5, 140 mM NaCl, 1 mM EDTA, 1% (v/v) Triton-X-100, 0.1% (w/v) SDS); four washes with lysis buffer containing 500 mM NaCl; four washes with IP wash solution (10 mM Tris-HCl pH 8.0, 250 mM LiCl, 0.5% (v/v) NP-40, 0.5% (w/v) sodium deoxycholate, 1 mM EDTA); and four washes with TE (pH 8.0). Recovered DNA was amplified with custom Taqman Assays (Applied Biosystems) spanning a 90-bp region encompassing the X-box of the ALMS1 promoter (forward: 5'-GCGGCGTCCCTAGCAA-3', reverse: 5'-CCCTGACTGGCGGTTGT-3', probe: 5'-CACTGCGCCTAAGCTG-3') and an 87 bp region upstream of GAPDH (forward: 5'-CCTAATTATCAGGTCCAGGCTACAG-3', reverse: 5'-CGGGAGGCGGCTTGA-3', probe: 5'-CTGCAGGACATCGTG-3'). Triplicate qPCRs were performed using an ABI 7900HT Fast Real-Time System (Applied Biosystems). Percentage of input was calculated as 100×2
, after adjusting the mean input Ct value for 1/5 starting material (fraction of input chromatin reserved).
RNA interference
PANC-1 cells were transfected with pools of three siRNA duplexes targeting RFX1, 2 or 3 (Ambion) or siRNA targeting Lamin (Dharmacon) at 5 nM using HiPerFect transfection reagent (Qiagen). Four hours later growth medium was replaced with medium containing either 10% or 0.5% FCS. Cells were harvested 72 h post-transfection. For quantitative reverse transcription-PCR analysis, total RNA was extracted using TRI reagent (Sigma-Aldrich). RNA was treated with RNAse-free DNAseI (Promega) prior to reverse transcription with oligo d(T) 15 primer and Superscript III (Invitrogen) according to the manufacturer's instructions. The resulting cDNAs were amplified using pre-designed TaqMan Gene Expression Assays (Applied Biosystems) and an ABI 7900HT System. Assays were performed in triplicate and TBP was used as endogenous control for relative quantification. For immunoblot analysis, cells were lysed in RIPA buffer (Sigma-Aldrich) supplemented with protease inhibitors (Complete Mini; Roche) for 30 min on ice, and cell lysates then centrifuged at 13,000 rpm for 10 min at 4°C. Proteins were separated by SDS-PAGE (40 µg/lane) and analysed by immunoblotting, as described (Hearn et al., 2005) , using goat anti-RFX1 (0.4 µg/ml; Santa Cruz Biotechnology), peroxidase-conjugated anti-goat (1:50,000) and peroxidase-conjugated anti-β-actin (1:50,000; Sigma-Aldrich) antibodies.
Results
Transcription start site mapping
Our previous TSS prediction for ALMS1 was based on the presence of a potential initiator element close to the most extreme 5' cDNA sequence obtained by RT-PCR (Hearn et al., 2002 ; our unpublished observations). This did not exclude the possibility that transcription is initiated further upstream, either in contiguous sequence or at undiscovered exon(s). Defining the TSS of ALMS1 is therefore important both to help identify the promoter and to resolve whether additional exons lie upstream of the previously defined exon 1. To achieve this we performed 5'-RACE on cDNA generated from fulllength, capped mRNAs. We used cDNAs derived from human liver, testes and pancreas, all of which express the ALMS1 gene (Collin et al., 2002; Hearn et al., 2002) . We cloned 10-13 RACE products for each tissue and compared their sequences to the publically available human genome sequence to identify putative TSSs. All of the sequences obtained began within a 48-bp region overlapping the previously predicted start of exon 1 (Fig. 1 ). All sequences were continuous with the genome from their 5'-ends to the splice donor site of exon 1, i.e. they provided no evidence of novel exons. Notably, all ten liver-derived sequences started at the same nucleotide ( Fig. 1) , hereinafter used as a reference and termed position + 1. Six out of thirteen testis-derived sequences also started at position +1, while others started at positions −19, + 10, +19 and +20 (Fig. 1) . In contrast to both the liver and testis clones, all ten pancreas-derived sequences started at position + 29. Notably, all transcripts are predicted to utilise the previously identified methionine start codon at position +101. In summary, these data suggest multiple and possibly tissue-specific TSSs for exon 1.
We compared our results with data from the cap-analysis of gene expression (CAGE) database, a transcriptome-wide analysis of sequenced capped 5' ends of transcripts, termed CAGE tags (Shiraki et al., 2003; Kawaji et al., 2006) . Of the 143 CAGE tags mapped to ALMS1, 77 were dispersed at 63 different positions throughout the gene. These scattered CAGE tags may represent post-transcriptional processing events (exonic tags; Fejes-Toth et al., 2009) or artefacts rather than TSSs, and therefore we focused our attention on larger clusters of tags. Notably, the most extreme 5' cluster of more than two tags (bp −43 to +20; 24 tags) overlapped the TSS region identified by RACE (bp −19 to + 29) and suggested a broad TSS distribution (Fig. 1) . The most common start site in the cluster, position −21, was supported by six tags, five of which were from a skin cell line; other tags in the cluster were derived from intestine, cerebrum, cecum and adipose. There were two nearby clusters of CAGE tags, at bp +71 to + 95 (32 tags) and bp +259 to +305 (10 tags), suggesting alternative promoters in exon 1. However, we did not find evidence of TSSs in either region by RACE.
Genomic context of putative transcription start sites
In silico (MatInspector) analyses of genomic sequence upstream of the TSSs defined by 5'-RACE failed to identify a TATA box. To aid discovery of cis-acting regulatory elements we aligned bp −1000 to +100 of the human genomic sequence with corresponding sequences from dog, mouse and rat. This revealed several evolutionarily conserved regions between bp −200 and +100, but less conservation further upstream ( Fig. 2A and data not shown) . Notably, the region −1000 to −394 is largely composed of interspersed repeats, while the region −393 to +100 is devoid of these elements (data not shown), although it does contain a C-rich stretch (bp +37 to +84) that is partially conserved between species ( Fig. 2A) . MatInspector analysis identified potential transcription factor binding sites in upstream conserved or partially conserved regions, including an X-box (bp −49/−38) and three GC-box-like elements (bp −84/−79, −69/−64 and −17/−12; hereinafter termed GC-box 1, 2 and 3, respectively) ( Fig. 2A) . Notably, X-boxes are target sites for RFX transcription factors, key regulators of genes important for the assembly and maintenance of primary cilia (Swoboda et al., 2000; Dubruille et al., 2002) . GC-boxes are target sites for Sp/KLF transcription factors including Sp1, a ubiquitously expressed factor implicated in the activation of a very large number of genes (Philipsen and Suske, 1999; Wierstra, 2008) .
Reporter assay analysis of the proximal promoter
To identify functional regions of the promoter we made a panel of 5' deletion constructs within the context of the pGL3-Basic luciferase reporter vector. The longest construct (−412/+36) included the evolutionarily conserved regions identified upstream of putative TSSs (Fig. 2) . We assayed the transcriptional activity of promoter constructs in PANC-1 and HepG2 cells, both of which express ALMS1 (Fig. 6; and Hearn et al., 2005) and represent tissues (pancreas and liver) affected in Alström syndrome. As shown in Fig. 2B , construct −412/+36 exhibited strong promoter activity in these cell lines. Deletion of bp −412 to −117 had little effect on luciferase activity. Additional deletion of bp −116 to −91, a poorly conserved region, reduced activity by approximately 30%. Deletion of bp −90 to −57, including GC-boxes 1 and 2, further reduced promoter activity to ∼20% of the activity of construct −412/+36. Finally, deletion of bp −56 to −33, including the conserved X-box, further reduced activity to ∼ 5% of the activity of construct −412/+36 (Fig. 2B) . These data suggest that the region −116 to + 36, which includes evolutionarily conserved predicted transcription factor binding sites, is important for basal transcription of ALMS1. Fig. 1 . Transcription start site mapping data. Summary of ALMS1 transcription start sites suggested by cloning 5'-RACE products from pancreas, testes and liver, and by the capanalysis of gene expression (CAGE) database . Only the most extreme 5' CAGE tag cluster (N2 tags) associated with ALMS1 is represented. x-axis, start position relative to the liver TSS predicted by RACE; y-axis, cumulative total of RACE clones/CAGE tags supporting each start site; asterisk, position of previously predicted TSS (Hearn et al., 2002) . The predicted translation start codon of ALMS1 is at position +101 (not shown). 
Reporter assay analysis of X-box and GC-box mutations
To further investigate the functions of the X-box and GC-boxes 1-3 we generated reporter constructs with point mutations in these elements. Mutations were made to specifically disrupt binding of RFX proteins or Sp1 respectively (Fig. 3A) within the context of the −232/+36 construct (Fig. 2B) . We compared the activities of mutant and wild-type constructs in PANC-1 cells. As shown in Fig. 3B , mutating any of the individual GC-boxes in isolation reduced transcriptional activity by approximately 50%. No additional effect was observed on mutating site 1 in combination with site 2 or 3, however, mutating sites 2 and 3 together decreased activity by ∼70%. Mutating all three sites within the same construct decreased reporter activity by ∼ 80% (Fig. 3B) . In summary, these data indicate that: each GC-box has a positive regulatory role; site 1 seems slightly less important compared to sites 2 and 3; however, together they account for most of the transcriptional activity of construct −232/+36.
Under the 10% FCS cell growth conditions used for the GC-box analysis, mutations in the X-box did not have a significant effect on promoter activity (Fig. 3E) . It has been reported that levels of ALMS1 mRNA increase in response to serum starvation (13). Since RFX transcription factors including mammalian RFX3 regulate genes involved in cilium assembly (Bonnafe et al., 2004) , a process which is itself promoted on entry of cells into a quiescent state following serum-starvation, we asked if the X-box mediates upregulation of ALMS1 following serum deprivation. We used PANC-1 cells, which show marked serum-dependence of cell growth (Giehl et al., 2000) . We first confirmed that serum deprivation for 48-72 h increased levels of ALMS1 mRNA and induced assembly of primary cilia in these cells (Fig. 3C, D) ; the latter finding has also been independently reported (Nielsen et al., 2008) . Under these conditions, reporter assays showed that mutations in the X-box reduced transcriptional activity of the reporter gene by ∼ 60% (Fig. 3E) . This strongly implies that the X-box is required for transcription of ALMS1 in serumstarved conditions.
EMSA analysis of X-box and GC-box-binding proteins
To investigate the protein-binding properties of the X-box and GCboxes 1-3, we performed EMSAs with duplex oligonucleotide probes spanning each site. As shown in Fig. 4A , probe −23/−8 (containing GC-box 3) formed several complexes with PANC-1 nuclear proteins. The formation of three of these complexes was competed by including an excess of unlabelled probe (Fig. 4A) . Preincubation with Sp1 antibody lessened the intensity of the uppermost of these three bands and gave rise to a further retarded ("supershifted") band (Fig. 4A) , Fig. 3 . Reporter assay analysis of targeted mutations in GC-boxes 1-3 and X-box. (A) Summary of point mutations made in luciferase reporter construct −232/+36. Wild-type nucleotide sequences encompassing predicted X-box and GC-box transcription factor binding sites (shaded) are shown above corresponding mutant sequences. All sequences are 5' to 3'; mutations are underlined. (B) Luciferase assays using PANC-1 cells transfected with wild-type or GC-box-mutant promoter constructs. GC-boxes are labelled 1 to 3; mutant GC-boxes are shaded black. Luciferase activity is expressed relative to wild-type. (C) Quantitative RT-PCR analysis of endogenous ALMS1 expression in PANC-1 cells before and after serum-starvation. (D) Primary cilium assembly in serum-deprived PANC-1 cells. Cells were incubated in growth medium containing either 10% or 0.5% FCS for 72 h and primary cilia visualized by immunostaining for acetylated tubulin (green), which labels ciliary axonemes and centrioles. Nuclear DNA was stained with DAPI (blue). Size bar, 10 µm. (E) Luciferase assays using PANC-1 cells transfected with wild-type or X-box-mutant promoter constructs. The mutant X-box is shaded black. Cells were incubated in either normal (10% FCS) or serum-starved (0.5% FCS) conditions for 48 h prior to lysis. Luciferase activity is expressed relative to wild-type. All data are from three independent experiments; error bars denote s.e.m.
supporting the presence of Sp1 in this upper complex. The other bands were unaltered by Sp1 antibody, suggesting that they represent binding of other factors. Probes encompassing GC-boxes 1 and 2 also formed complexes with PANC-1 nuclear proteins, however the formation or mobility of these complexes was not altered by Sp1 antibody (data not shown), suggesting that they also represent the binding of other factors, which remain uncharacterised.
To investigate if RFX proteins bind to the X-box at bp −49 to −38, we first performed an EMSA with in vitro transcribed and translated (IVT) RFX1, a prototypical member of the RFX family. As shown in Fig. 4B , a probe containing the X-box (probe −56/−33) formed three complexes with IVT-RFX1, all of which were retarded by incubation with RFX1 antibody (Fig. 4B, lane 3) . Formation of complexes was also competed by excess unlabelled wild-type, but not mutant, probe (Fig. 4B, lanes 4 and 5 respectively) .
To test for interaction of endogenous RFX proteins with probe −56/−33 we performed EMSAs with nuclear extract from HeLa cells, which are known to express RFX1, 2 and 3 (Iwama et al., 1999) . Of the proteins encoded by the seven known mammalian RFX genes (RFX1-7), RFX1-3 are the most closely related to Caenorhabditis elegans DAF-19, a RFX protein that regulates genes of the ciliogenic pathway (Emery et al., 1996; Swoboda et al., 2000; Aftab et al., 2008) . As shown in Fig. 4C (lane 2) , probe −56/−33 formed several complexes with HeLa nuclear proteins. RFX1 antibody supershifted the two uppermost complexes (Fig. 4C, lane 3) , indicating the presence of RFX1 in these complexes. We termed these two low-mobility complexes LMC1 (upper band) and LMC2 (lower band). LMC2 was abolished by inclusion of anti-RFX2 antibody, possibly yielding a retarded complex co-migrating with LMC1 (Fig. 4C, compare lanes 2 and 4) . It is unclear whether anti-RFX2 antibody disrupted the formation of LMC1, although clearly it did not supershift this complex (compared to the effect of RFX1 antibody). These results are consistent with LMC1 representing RFX1 homodimers, and with LMC2 containing RFX2 and possibly representing RFX1/RFX2 heterodimers, similar to previous reports (Reith et al., 1994; Iwama et al., 1999) . We did not investigate binding of RFX3 by this approach since we were unable to demonstrate immunoreactivity of an RFX3 antibody. Formation of LMC1 and LMC2 was competed by unlabelled wild-type, but not mutant, probe (Fig. 4C , lanes 5 and 6 respectively), and neither complex formed with labelled mutant probe (Fig. 4C, lane 7) , supporting the specificity of binding. In summary, these data indicate that RFX1 and RFX2 can both bind to the X-box in probe −56/−33.
Chromatin immunoprecipitation analysis of RFX1 and RFX2 binding to the ALMS1 promoter
To determine if RFX1 and RFX2 bind to the ALMS1 promoter in vivo, we employed ChIP. We chose to analyse serum-deprived PANC-1 cells, since our reporter assays suggested that RFX proteins activate ALMS1 transcription in these cells/conditions (Fig. 3E) . qPCR analysis showed that genomic DNA fragments containing the ALMS1 proximal promoter were highly enriched in anti-RFX1 ChIP fractions, compared to IgG negative control fractions (Fig. 5A) . Levels of enrichment obtained with anti-RFX2 were much lower than those obtained with anti-RFX1, though still appeared significant (Fig. 5B) . Neither antibody yielded significant enrichment of a negative control region (Fig. 5C ). These results indicate that RFX1 and RFX2 bind to the ALMS1 promoter in vivo. The lower level of enrichment obtained with anti-RFX2 may be due, at least in part, to antibody-related limitations. We have been unable to detect endogenous RFX2 on immunoblots, although the antibody does detect exogenous, overexpressed RFX2 (data not shown). 
RNAi-mediated knockdown of RFX transcription factors downregulates ALMS1 expression in serum-starved cells
To further examine the role of RFX transcription factors in regulating ALMS1 we abrogated their expression by RNA interference. We targeted RFX1, 2 or 3 in PANC-1 cells and confirmed RFX transcript depletion by qRT-PCR (Fig. 6A) . We also confirmed depletion of RFX1 protein by immunoblot analysis (Fig. 6B) . Due to antibody-related limitations (see above) we were unable to monitor RFX2 or RFX3 protein depletion. Under normal growth conditions (10% serum), knockdown of RFX transcripts did not have a significant effect on ALMS1 mRNA levels, relative to cells transfected with a negative control siRNA (Fig. 6C) . However, under serum-starved conditions, knockdown of RFX1, 2 or 3 reduced ALMS1 mRNA levels by approximately 40-50% (Fig. 6D) . As a control, we also quantified levels of Lamin mRNA in these cells (Fig. 6E) . Lamin expression was not altered by RFX siRNAs, suggesting that the observed decrease in ALMS1 mRNA was not the result of a general effect. These data are consistent with our promoter reporter assays, in which Xbox mutations decreased ALMS1 promoter activity only in serumstarved cells (Fig. 3E) , and further imply that RFX proteins, acting via the X-box, activate ALMS1 transcription following serum starvation.
Discussion
Understanding why ALMS1 expression varies in different contexts requires identification and investigation of the promoter region regulating its transcription. Cloning 5'-RACE products from three different tissues, combined with data from the CAGE project , suggests that transcription of ALMS1 is initiated at numerous sites within a ∼ 70 base pair region. This region contains the previously predicted start of exon 1 and is therefore consistent with the reported gene structure (Collin et al., 2002; Hearn et al., 2002) . The genomic context of this region indicates that the ALMS1 promoter belongs to the TATA-less, CpG island-associated class of mammalian promoters. This type of promoter typically contains multiple GC-boxes and has a broad TSS distribution (∼ 100 bp), in contrast to the tightly defined TSSs of most TATA-containing promoters . Taken together, the CAGE and RACE data support a broad TSS distribution for ALMS1, yet the RACE data for liver and pancreas suggest tightly defined TSSs in these particular tissues. CAGE data also suggest two downstream TSS clusters in exon 1. Recent data suggest that many CAGE tags mapped to annotated first exons are derived from promoter-associated short RNAs (PASRs; Kapranov et al., 2007; Fejes-Toth et al., 2009 ). These b200 nt RNAs are unlikely to be represented in the cDNAs we used for RACE due to selection for N200 nt synthesis products during cDNA preparation. PASRs may be capped post-transcriptional processing products of longer mRNAs, or independent transcription products from promoters that also generate long mRNAs (Fejes-Toth et al., 2009) . Therefore, the question of whether downstream CAGE tag clusters represent processing products or usage of alternative ALMS1 promoters requires further investigation.
Reporter assays using a series of 5' deletion constructs suggest that elements important for basal ALMS1 transcription lie between bp −116 and + 36, relative to the liver TSS defined by RACE. We did not analyse the role of sequences downstream of position + 36 and therefore have not excluded the possibility that the proximal promoter extends downstream of this position. Nevertheless, we have identified several elements between bp −116 and + 36 that significantly influence transcriptional activity in reporter assays. Of three GC-box-like elements analysed in this region, EMSAs indicate that Sp1 binds to the most proximal, GC-box 3. Mutation of this conserved site significantly reduced promoter activity, consistent with an activatory role for Sp1. Notably, mutation of either of the two upstream GC-box-like elements also significantly reduced promoter activity, however EMSAs suggest that other, unidentified factors bind to these elements. Candidates include other members of the Sp/KLF family, e.g. Sp3, Sp4, KLF9 and KLF11 (Philipsen and Suske, 1999) .
The promoter also contains an evolutionarily conserved X-box, suggesting regulation by RFX transcription factors. These factors are characterised by a conserved winged-helix DNA-binding domain (Emery et al., 1996; Gajiwala et al., 2000) . The sole RFX gene in C. elegans, daf-19, and one of the two known Drosophila RFX genes, dRfx, regulate genes involved in the assembly, maintenance and/or function of primary cilia (Swoboda et al., 2000; Haycraft et al., 2001; Dubruille et al., 2002; Efimenko et al., 2005; Laurencon et al., 2007) . C. elegans genes whose human orthologs are mutated in the ciliopathy Bardet-Biedl syndrome are thought to be regulated by DAF-19 (Ansley et al., 2003) . Of the products of the seven known mammalian RFX genes (RFX1-7), RFX1, 2 and 3 are the most similar to DAF-19 at the amino acid sequence level (Emery et al., 1996; Aftab et al., 2008) and notably RFX3-deficient mice have defective cilia, indicating conserved ciliogenic functions for this protein in mammals (Bonnafe et al., 2004; Baas et al., 2006; Ait-Lounis et al., 2007) . With the exception of RFX5, which regulates MHC II genes (Reith and Mach, 2001) , the functions of the remaining mammalian RFX proteins are less clear. It is notable however that RFX1 and RFX2 have similar functional domains and DNA-binding specificities to RFX3 (Reith et al., 1994; Aftab et al., 2008) , suggesting that they also activate genes of the ciliogenic pathway (Bonnafe et al., 2004) .
Binding of RFX proteins to the X-box in the ALMS1 promoter was supported by EMSAs, both with nuclear extracts and in vitro synthesized RFX1, and by ChIP. Furthermore, our reporter assay and RNAi data implicate these factors, acting through the X-box, in the upregulation of ALMS1 following serum-starvation (Yabuta et al., 2006) . Since serum-starvation promotes primary cilium formation, and RFX family members activate genes of the ciliogenic pathway, these findings are consistent with a specific role for ALMS1 in cilium formation, maintenance and/or function (Hearn et al., 2005; Graser et al., 2007; Li et al., 2007) . Interestingly, a transient ciliated phase in differentiating human preadipocytes has recently been described (Marion et al., 2009 ). We speculate that a similar transition in 3 T3-L1 preadipocytes (Marion et al., 2009 ) may explain the reduction in Alms1 expression observed during differentiation of these cells (Romano et al., 2008) , although the ciliated status of 3 T3-L1 cells throughout differentiation remains to be fully characterised. We also note that ALMS1 expression is not restricted to ciliated cells, suggesting that the protein has additional functions.
Our ChIP data indicate that RFX1 and RFX2 bind to the ALMS1 promoter in vivo. This is consistent with our EMSA results, which suggest that both RFX1 homodimers and RFX1/RFX2 heterodimers are able to interact with the X-box in vitro. Together with the RNAi data, these findings support the notion that RFX1 and RFX2 are directly involved in regulating ALMS1 transcription. It remains to be determined if RFX3 (and/or RFX4-7, whose DNA-binding domains share less sequence similarity with DAF-19; Emery et al., 1996; Aftab et al., 2008) also interact with the ALMS1 X-box. Interestingly, regulation by RFX family members may provide an explanation for the strong expression of ALMS1 in testis (Collin et al., 2002; Hearn et al., 2002) since these factors (in particular RFX2) show elevated expression in testis and have been implicated in activating the transcription of several testis-expressed genes including Spag6, which encodes a component of the axoneme of the sperm flagellum (Reith et al., 1994; Wolfe et al., 2004; Horvath et al., 2009; Kistler et al., 2009 ). Also of note, both RFX1 and RFX2 are thought to contain auto-regulatory domains that inhibit transcriptional activation, implying that contextdependent transcriptional activation by these factors is mediated by relief of the inhibitory function, possibly via interactions with other factors (Katan et al., 1997; Horvath et al., 2009) . Understanding this mechanism could therefore provide further insight into the contextdependent expression of ALMS1.
In summary, our data provide the first analysis of the ALMS1 proximal promoter. The results predict variable TSSs for exon 1, suggest that Sp1 is important for basal ALMS1 transcription, and that RFX proteins activate ALMS1 transcription during serum starvation-induced growth arrest, most likely as part of the ciliogenic program.
